Recent developments include a method for conditioning resonators which has produced a significant increase in accelerating gradient and also a design for a split-ring resonator with an optimum particle velocity of 0.16 c. Results of using a 1500 watt rf source to condition superconducting split-ring resonators are described. By repetitively pulsing for a few msec to field levels as high as an 8 MV/m effective accelerating field Ea, electron loading at high field levels has been substantially reduced. After such conditioning, continuous operation at Ea > 6 MV/m, corresponding to a peak surface electric field of 30 MV/m, has been obtained. A split-ring resonator designed for an optimum particle velocity S = v/c = 0.16 is also described. The 145.5 MHz resonator is contained in the same 16 inch diameter, 14 inch length housing used for the S = 0.1 Argonne split-ring. In design of the split ring element, a 20% reduction in peak surface electric field has been achieved with no significant increase in surface magnetic field.
Introduction
This paper describes two separate developments of superconducting resonators for the Argonne heavy-ion linac.
The first section describes results obtained with a pulsed-rf conditioning technique which has been applied in off-line tests of two So = .06 split-ring resonators and produced accelerating gradients appreciably higher than have been previously obtained.
The second section describes the geometry and electromagnetic properties of a 145.5 MHz, 50 = .16 split ring resonator designed to extend the velocity range of the heavy-ion linac, and to be compatible with the existing linac cryogenic, vacuum, and electronic systems.
Off-Line Tests of Low-Beta Resonators
Seven low-beta (5o = .06) niobium split ring resonators have been constructed and tested. The 97 MHz resonators are essentially identical in design to the previously described Argonne So = 0.1 split-ring, except that the resonator length is scaled from 14 to 8 inches, with a proportionate decrease in the drifttube length.1 The length change reduces the optimum particle velocity for the structure from S = v/c = 0.1 to = .06. The Argonne heavy ion linac is an array of two types of split-ring resonators which accelerate most efficiently for a particle velocity 80 = v/c = .06 for the low-beta design and 80 = .1 for the high-beta.
Each type accelerates with greater than 80% of the optimum efficiency for a range of velocities .76 80 < $ < 1.42 8o.
Because of the finite velocity range, to extend the linac by adding resonators of the 80 = 0.1 type would give less than optimum performance, particularly for the lighter ions. Thus a study was undertaken to determine the feasibility of constructing a superconducting resonator to be compatible with all existing linac systems and with an optimum particle velocity 8o > .14. A major design constraint is to maintain the resonator diameter at 16 inches to fit the existing cryostat design.
Analytic Method and Designs Considered
Resonators of the split-ring and spiral type were considered. Both types consist of an outer cylindrical housing, coaxial with the beam axis, which contains a loading structure. The loading structure is formed of drift tubes coupled through an inductive loading arm either to another drift tube or to the housing (Fig. 2) the loading arm to assume an elliptical cross-section rather than being restricted to a circular form.
The three resonator types considered were a 97 MHz spirial resonator, and 97 MHz and 145.5 MHz splitring resonators. The spiral and 145.5 MHz split-ring were constrained to the same housing, 16 inch diameters and 14 inch length, as the existing So = .1 split ring. To fit a 97 MHz split ring resonator within a 16 inch diameter housing was found impractical for Bo > .14. The resonator length increases with increasing 80, and the aspect ratio of the drift tubes becomes unfavorable, so that the peak surface fields exceed acceptable limits.
While it proved possible to achieve acceptably low surface fields in the spiral loaded structure, the rf energy content was increased more than fourfold over the Bo = .1 split-ring. Stabilization of the rf phase of the class of superconducting resonators discussed here requires a fast tuning system to overcome the effects of ambient mechanical vibration on the eigenfrequency.5 The reactive power input to the fast tuning system is directly proportional to the stored rf energy, and for the spiral resonator considered would exceed the capability of the existing tuning system.
MHz Split-Ring Resonator
The design of choice is the 145.5 MHz split-ring, for which a full-scale copper model has been constructed, shown in Fig. 2 . The resonator end-plates are removed to show the split-ring loading structure. Table I compares the principal features of this resonator with the So = .06 and .1 designs. In the design, particular emphasis was placed on minimizing the peak value of the surface electric field, since present resonator performance is limited by electron loading, presumably caused by field-emission. The resonator seems best described in terms of changes from the S0 = .1 split-ring. The drift-tube diameter has been increased from 10 to 12 cm, allowing an increase in the radius of curvature at the ends of the drift tubes, which decreases the peak surface electric field as shown in Table I . The resonant frequency of the accelerating mode has been increased from 97 to 145.5 MHz primarily by decreasing the length of the loading arm from 50 to 30 cm. The increase in frequency causes a proportionate increase in the rf current in the loading arm for a given accelerating field. To keep the peak surface magnetic field within acceptable limits, the loading arm diameter is increased from 3.2 cm to 5.1 cm.
The increased size of the drift tubes and loading arm within the fixed 16 inch resonator diameter reduces the radial clearance between the various elements and caused objectionably large surface electric fields along the loading arms. This problem is overcome by making the cross-section of the loading arm elliptical with the major axis parallel to the beamaxis. An additional advantage of the elliptical geometry is a 15% reduction in peak surface magnetic field. The ellipse chosen has a major diameter of 5.84 cm and a minor diameter of 4.26 cm.
As is shown in Table I , the electrodynamic properties of the resonator are satisfactory in all respects and performance of a superconducting version is expected to equal or exceed that of the existing niobium split-ring resonators.
Conclusions
Off-line tests of 5o = .06 split-ring resonators have yielded accelerating gradients substantially higher than had been anticipated for this structure.
The extent to which this performance can be realized in long-term on-line operation remains to be seen.
It has been found possible to design a splitring resonator with excellent electrodynamic properties which can efficiently accelerate particles with velocities as high as 5 = .23. Construction of a superconducting niobium resonator of this design is in progress.
